Abstract: This paper presents a TOPF (three-phase optimal power flow) model that represents photovoltaic systems. The PV plant is modeled in the TOPF as active and reactive power source. Reactive power can be generated or absorbed using the available capacity and the adjustable power factor of the inverter. The reduction of unbalance voltage and losses in the distribution systems is obtained by actions of reactive power control of the inverter. The TOPF is formulated by current balance equations and the PV systems are modeled via an equivalent circuit. The primal-dual interior point method is used to obtain the optimal operating points for the systems for different scenarios of solar irradiance and temperature, thus providing a detailed view of the impact of photovoltaic distributed generation.
Introduction
The connection of generation sources to distribution systems can have significant impacts that need to be studied. Among the distributed generation sources, presenting the greatest growth is PV (photovoltaic). It is estimated that in 2023 there will be approximately 161 thousand PV generation systems in Brazil, which corresponds to the insertion of 835 MWp into the grid [1] . The PV generation has intermittent features that are challenging for utilities. Unfortunately, there are still few computational tools to accurately assess the impact of distributed PV generation. One reason is the approximate representation of the PV generation and another is the use of single-phase equivalents for the distribution system. Tools based on single-phase equivalents may not provide the best operating solutions for three-phase systems, especially when circuits and/or loads are considerably unbalanced [2] . For these reasons, this work models the PV power plants in the TOPF (three-phase optimal power flow) from the PV module equivalent circuit and, with TOPF, analyzes the impact of the PV generation on the Corresponding author: Malinwo Estone Ayikpa, electrical engineer, research field: electric power systems. distribution system.
The three-phase representation of the distribution system was first made in power flow programs that use the backward/forward sweeping method to obtain system voltages [3] . However, in Ref. [4] a three-phase current injection method was proposed, which, presented better convergence properties than the conventional method. The same formulation was used later in the three-phase optimal power flow [5] .
Several papers on the TOPF problem have been published in recent years. Among them can be cited [6] which proposes a solution for an unbalanced FPO via the Quasi-Newton method; [7] which considers discrete control operations such as capacitor switching and taps adjustment of OLTCs; [8] , based on semidefinite programming; [9] which extends the TOPF based on current injections for optimization of n-conductors systems and, [10] which achieves optimal adjustment of capacitor banks and voltage regulators to minimize active network loss. Some papers also present studies on the impact of distributed PV generation in the system [5, 11] .
In studies on steady-state operation, PV plants are often represented by active power injections of values D DAVID PUBLISHING Three-Phase Optimal Power Flow for Study of PV Plant Distributed Impact on Distribution Systems 48 equal to their generation capacities. However, a more realistic view of the operating conditions of the system is obtained if the PV generation is calculated from measurements of solar irradiation and temperature. For this, the PV module can be represented by the five-parameter model [12, 13] . This representation was used in the power flow problem [14] and, more recently, in the single-phase optimal power flow problem [15] . This paper describes a TOPF model based on the formulation proposed in Ref. [5] , in which the PV plants are represented by the five-parameter model. The TOPF allows the injection of reactive power by the PV plant, which reduces the voltage unbalance and loss in the distribution systems.
The work is organized as follows: the next section explains how PV generation is calculated. Section 3 describes the TOPF problem used in the simulations. Section 4 analyzes the results obtained and, finally, Section 5 summarizes the main conclusions of the study.
Photovoltaic Generation Calculation

The Five-Parameter Model
The electrical power supplied by a photovoltaic module can be obtained from the equivalent electrical circuit of Fig. 1 [12] : Applying Kirchhoff's 1st Law to the circuit, the current injected by the module is:
where I is the injected current, V the terminal voltage, is the current generated by the incident light, I 0 is the saturation current of the diode, / is the thermal voltage of the array with cells connected in series, is the Boltzmann constant, is the cell temperature (K), q is the electron charge and is the diode ideality constant. When one has the cells array, and are the equivalent resistances.
Once the five-parameters , , , , . The values are referred to STC (standard test conditions). Some manufacturers also provide I-V curves for different levels of radiation and temperature. In Ref. [13] an iterative method is proposed to obtain the equivalent circuit parameters from the information provided by the manufacturers. This method is used to calculate PV generation.
Five-Parameter and DC Power Calculation
The method is based on the fact that varies with the temperature and the incident solar irradiation in the panel according to:
where , is the light-generated current at nominal conditions, G the irradiation on the surface of the array, G n the nominal irradiation and ∆ , where T represents the measured temperature and the temperature at nominal conditions.
The saturation current of the diode is obtained in order to match the open circuit voltage with experimental data obtained for different temperatures. The starting point is the nominal saturation current 
is determined according to the type of technology used in the solar panel. For the module used (Hanwha polycrystalline silicon), 1,3 [16] . and are calculated from the assumption that only a pair , leads to the maximum power experimentally measured, max, , in the conditions provided by the manufacturer. From Eq. (1), it follows that and must respect:
To solve Eq. (5), is incremented from zero. is initialized to the minimum value obtained by the inclination of the straight line segment joining the points on the I-V curve defined by the short-circuit and maximum power condition:
For every pair , the value of is updated using the relation between the currents of the circuit:
, , 
Inverter Modeling and AC Power Calculation
The PV modules are connected in series forming strings and these are connected in parallel to the inverters. The number of modules per string, , , and the number of strings, , are chosen in order to achieve a good efficiency of DC-AC conversion. The 
Three-Phase Optimal Power Flow
The TOPF problem is formulated from current injections [5] . In the problem, the active power supplied by the PV plants is not controllable. However, these power plants can generate reactive power since the inverters can operate with PF (power factors) less than 1.
Modeling of Photovoltaic Plant in the TOPF
The photovoltaic power plant is connected to the grid via a transformer. Depending on the capacity of the photovoltaic plant, the connection can be single-phase or three-phase. The AC power supplied by the PV plant is:
where is the number of inverters. If the PV plant operates with adjustable power factor within the inverter limits, its reactive generation, , must respect the nominal inverter capacity, max , and its power factor, :
TOPF Problem Formulation and Its Resolution
(A) Objective function. Two performance indices of the system were considered: minimum transmission losses,
where n is the number of bus, i the network phase index and and active power generation and load; and minimum voltage unbalance defined by the negative sequence component of all bus voltage system, ( ) 
is the three-phase voltage phasor of the bus k and the subscripts "Re" and "Im" indicate the real and imaginary part of the phasor.
(B) Equality constraints. The current balance in a given bus k of the system is made by adding the current injections per phase of the elements connected to that bus:
where , are the contributions of generators, , , the contributions of loads and the lines and transformers contributions connected to the phases a, b and c of this bus.
Separating the real and imaginary parts of Eq. (13), the current balance equations of TOPF are obtained:
The currents injected by the generator are expressed:
where and are active and reactive powers generated. On the other hand, the currents consumed by the loads are: 
In Eq. (17), and are 3 3 matrix composed of the real and imaginary parts of the elements of the admittance matrix of the system, 
Finally, in order to keep the voltage magnitude of the reference bus equal in the three-phases, the following equations can be inserted in the TOPF model: 
At the bus k, if there is a PV plant, in Eq. 
and
, with limits given in Eq. (10).
The TOPF problem was solved by the primal-dual interior point method [18] .
Results
The studies were performed with the IEEE34 bus system [19] and a 70-bus system (SIS70) [20] . Solar irradiation and temperature data were obtained at the INMET station in Santa Marta (SC) in January, April, July and October 2014. Data from the Hanwha SF220-30-1P240L (240Wp) panel and the SUNNY TRIPOWER 12000TL-US (12 kVA, FP ≥ 0.8) inverter were used as well. Fig. 4 shows the output power of the inverter on days considered taking into account SF220-30-1P240L panels. Such power is affected by the efficiency of the inverter, which varies from about 80% to about 97% depending on the irradiation and temperature. Thus, it changes over the days and also over the seasons.
Output Power Generation of the Inverter
Impact of PV Generation on the System
The PV plants were formed by connecting 48 SF220-30-1P240L panels per inverter, 24 of which were connected in series ( Table 1 indicates the TOPF solutions for the case without PV (base), with PV plants operating with a power factor unit or higher than 0.8. The voltage unbalance base case is the state unbalance of the system with the solution of minimum losses. It is observed that the insertion of the power plants: (i) reduces the losses substantially, since the loads are supplied locally; and (ii) reduces the voltage unbalance. Table 2 shows the power injected in the reference bus (substation) and the PV plants in cases of minimum 
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loss of the IEEE34 system. Note that in the base case, the substation supplies on average 623 kW and 127 kVAr per phase. Table 2 shows that the active power injection drops to 283 kW/phase with the PV plants operating at the power factor unit level. Reactive injection drops to 43 kVAr/phase when PV plants operate with FP ≥ 0.8. Note that the PV plants have very distinct participations in the control of reactive power of the systems.
Figs. 5 and 6 show the voltages profile of both systems. It is observed that the control of reactive power by PV plants makes it possible to operate with higher voltages and less unbalance, reducing the losses in the circuits. Table 3 indicates the power injected by the substation and the PV plants of the SIS70 system in case where minimizing unbalance between phases. In the base case, the substation injects in the system in average 900 kW and 710 kVAr per phase. With the In the winter scenario, the maximum active generation of each plant is 113 kW/phase and the average is 51 kW/phase or 72% and 32% of available capacity. The control of reactive power plants also decreases in this new scenario. However, since the winter load is equal to the summer load, the way PV plants participate in the voltage control remains the same, i.e., the central 1 injects reactive in the system, while the central 2, depending on the time of the day, injects or absorbs reactive system. Finally, Fig. 13 indicates the behavior of the voltage in a critical bus of the system throughout the days of summer and winter. Note a variation of 7% in this voltage between the hours of maximum and minimum PV generation.
(C) Daily PV generation and its impact on the SIS70 system. The operating solutions of minimum unbalance for the SIS70 system are analyzed in this section with the same active power generated by both PV plants. the behavior of IEEE34 system voltages in the minimum losses solutions when 10 PV plants of 15 kW are connected in the phase a of 10 bus of this system. It can be seen that such insertion significantly increases the voltages in phase a and the voltage unbalance of the system. This aspect consolidates the importance of the three-phase representation of the power plants in the OPF (optimal power flow).
Conclusion
The use of the five-parameter equivalent circuit enables a very accurate representation of the PV generation in the TOPF problem and a detailed analysis of the impact of the distributed PV generation. The simulations confirm the variability of this generation and show the importance of PV plants in voltage control. The three-phase representation of the power plants in the OPF enables the voltage unbalance between the phases to be reduced. The methodology used to obtain the PV generation is still approximate and the TOPF program needs to be improved to represent control equipment of the distribution systems. The improvement of these tools is the next step of the research being developed. 
